Transcription factors are major determinants of cell-specific gene expression in all cell types. Studies in rodent liver have shown that alterations in transcription factor expression determine lineage specification during fetal liver development and signify transdifferentiation of cells of the biliary compartment into 'oval' cells and eventually hepatocytes in adult liver. We examined the cellular localization of hepatocyte-or BEC-associated transcription factors in human fetal and adult liver and in diseases in which transdifferentiation between hepatocytes and biliary cells may play a role. In the normal adult human liver, hepatocyte nuclear factor (HNF)4a and HNF6 appeared exclusively in hepatocytes; HNF1b, HNF3a, and HNF3b were observed only in BEC. During fetal development both BEC and hepatocytes expressed HNF3a, HNF3b, and HNF6. HNF1a was expressed only in fetal hepatocytes. We further examined expression of transcription factors in massive hepatic necrosis and in specific types of chronic liver disease. Hepatocyte-associated transcription factors HNF4a and HNF6 also appeared in BEC in massive hepatic necrosis and chronic hepatitis C virus infection. Similarly, HNF3b that is expressed only in BEC in normal adult liver was also observed in hepatocytes in primary biliary cirrhosis and chronic biliary obstruction. These data mimic previous findings in rodents in which hepatocyte-associated transcription factors appear in biliary cells prior to emergence of oval cells, which function as progenitor cells for hepatocytes when the regenerative capacity of the latter is compromised.
Hepatocytes and biliary epithelial cells (BEC) are distinctly different cell types in the adult liver. In addition to transcription factors expressed commonly in many cell types, there are transcription factors expressed (in the adult liver) only in hepatocytes or BEC. Expression of transcription factors is crucial in determining specificity of cell differentiation. Cellular specificity in gene expression is in large part controlled by nuclear protein complexes, which include transcription factors. The latter impart specificity to gene expression based on cell type. Thus, emergence of new transcription factors in fully differentiated cells transcends the appearance of mere single-gene markers and is interpreted to signify large-scale reprogramming in gene expression. 1, 2 Whereas in normal adult liver, the expression of hepatocyte-or BEC-associated single genes is localized to the specific cell types, cells with promiscuous expression of both hepatocytic and BEC single-gene markers are often seen in chronic liver disease. [3] [4] [5] [6] [7] The appearance of 'marker genes' from the other (hepatocyte or BEC) cell type suggests that a reprogramming in gene expression is taking place, as an adaptation to a specific pathobiologic or physiological challenge. Although the appearance of single-gene markers of alternate specificity is well documented, changes in transcription factors controlling in human liver have not been characterized.
The regenerative capacities of hepatocytes and BEC have been tested in many experimental studies in rodents. In uncomplicated liver regeneration after partial hepatectomy or during BEC proliferation following bile duct ligation, hepatocytes or BEC respectively proliferate to generate more cells of their type. [8] [9] [10] If, however, the capacity of hepatocytes or BEC to regenerate more of their own is impaired, then (in rodent systems) hepatocytes and BEC can transdifferentiate into each other. BEC (from canals of Hering and/or portal ductules) proliferate transiently to generate 'oval' cells which undergo gradual morphologic and biochemical changes to become hepatocytes. [11] [12] [13] [14] [15] Oval cells express both biliary-and hepatocyte-associated genes. There are two pieces of evidence supporting the biliary origin of the oval cells. In the first piece of evidence, oval cells do not appear when BEC are subjected to lethal toxic injury prior to the induction of the oval cell protocol. 16 The second piece of evidence is the appearance of hepatocyte-associated transcription factors in BECs very soon after the initiation of the oval cell protocol. 17 We have also shown in rats that when the capacity of BEC to proliferate is impaired by delivering a toxic injury by DAPM, more BEC can be formed by transdifferentiation of periportal hepatocytes. 18 Hepatocytic and BEC lineage is specified in part by a set of specific liver-enriched transcription factors. 1, 2, 19, 20 Studies with knockout mice have shown that hepatocyte nuclear factor (HNF)1a and HNF4a regulate transcription of genes essential for the hepatocytic cell lineage, [21] [22] [23] whereas HNF1b and HNF6 are involved in development of the gallbladder and bile ducts. [24] [25] [26] Previous studies with rodents have shown that the earliest step in the generation of the oval cells is the appearance of hepatocyte-associated transcription factors in BEC of portal ductules and canals of Hering. 17, 27 This is direct evidence of initiation of large-scale gene reprogramming, as transcription factors affect expression of multiple genes associated with differentiation of specific cell types. In this model, appearance of hepatocyte-associated transcription factors in biliary cells suggests initiation of expression of genes associated with hepatocyte differentiation in biliary cell types. This is perfectly consistent with the large-scale expression of hepatocyte-associated genes in oval cells, as they gradually transform to small and eventually regular hepatocytes in the AAF-hepatectomy protocol. [11] [12] [13] As most of the literature of expression of transcription factors in hepatic cell types derives from studies in rodents, we first assessed transcription factor expression in hepatocytes versus BEC in human fetal and normal adult liver, to provide a comparison standard with literature derived from rodent-based experimental studies. We also examined the presence of specific transcription factors in liver diseases in which hepatocytes or biliary cells are selectively affected. Liver diseases selected for this study were massive hepatic necrosis and hepatitis C virus (HCV) infection (associated with damage primarily to the hepatocytes); and late stages of primary biliary cirrhosis (PBC) and chronic biliary obstruction (primarily BEC injury). There are numerous studies documenting the appearance of cells with intermediate hepatocyte/BEC differentiation patterns in massive hepatic necrosis. [28] [29] [30] [31] [4] [5] [6] 32 The above studies have well documented the appearance of alternate single-gene markers in hepatic cells in different disease states. Expression of genes specific to cell types (markers) has always been used as basis for assessing differentiation status of a given cell. However, gene expression patterns (including cell-specific markers) in any cell type are determined in large part by the expression of specific transcription factors, which, in synergy with epigenetic changes, determine cell differentiation and define cell lineage. Thus we investigated expression of hepatocyte-or BECassociated transcription factors in both hepatocytes and BEC in human liver, as a tool to determine initiation of promiscuous altered gene expression patterns between hepatocytes and biliary cells during chronic liver disease, comparable to the changes seen in impaired regeneration models in rodents.
MATERIALS AND METHODS Case Selection
With approval from the IRB of the University of Pittsburgh (IRB no. 0501051), paraffin-embedded liver sections were obtained from the archives of the Department of Pathology, University of Pittsburgh Medical Center. Specimens were obtained from five cases each of first, second, and third trimester fetal liver tissue, and normal adult (NL). Data presented in this article were collected from four cases of end-stage cirrhosis from chronic HCV infection, five cases of massive hepatic necrosis (causes included HBV infection, autoimmune hepatitis, acetaminophen), five cases of chronic biliary obstruction (none of the cases included pancreatic cancer), and three cases of late-stage PBC. The specimens related to specific liver diseases all represent end-stage liver disease in their type. They were obtained from livers explanted for the purpose of orthotopic liver transplantation. The normal adult liver tissue samples were selected from liver specimens resected for metastatic colorectal carcinoma.
Immunohistochemistry
Immunohistochemical localization studies of HNF1a, HNF1b, HNF3a, HNF3b, HNF4a, HNF6 were conducted on formalin-fixed paraffin-embedded liver sections (4-mm thick). Corresponding staining for hepatocyte and BEC markers, HepPar1 and CK19, respectively was performed on each of the selected case. Antigen retrieval was achieved by steaming the slides for 60 min in Target Retrieval or Hi pH Target Retrieval solution (Dako, Carpinteria, CA, USA). The slides were bathed in 3% H 2 O 2 solution for 5 min to quench endogenous peroxidase. Endogenous avidin and biotin were also blocked using the Avidin-Biotin blocking kit (Vector, Burlingame, CA, USA). Primary antibody was then applied in the appropriate concentration (Table 1) , and the sections were incubated overnight at 41C. Nonspecific binding sites were blocked with 10% serum of the appropriate host animal in protein block (Dako) with incubation for 10 min, and the biotinylated secondary antibody was applied with incubation for 30 min ( Table 1) . The sections were then incubated with Vectastain ABC Elite (Vector) at room temperature for 30 min. The sections were then visualized with chromogen for 10 min, counterstained with aqueous hematoxylin/blue Scott's solution in tap water, crystal mounted, and allowed to dry before a coverslip was placed. This procedure was modified for staining for HepPar 1 and CK19. Staining for CK19 was achieved by steaming the liver sections for 20 min in Hi pH Target Retrieval solution (Dako). Staining for HepPar1 did not require mechanical antigen retrieval. Both involved incubation with primary antibody for 1 h rather than overnight. Detail concentrations of antibodies used is shown in Table 1 .
Transcription factor expression levels were determined by examining cells identified morphologically and immunophenotypically (HepPar1 positive and CK19 negative) as hepatocytes. BECs were considered those cells comprising a basement membrane-lined duct confined within the limiting plate of the portal tract (HepPar1 negative and CK19 positive). Positive cells were those with strong (3 þ À4 þ ) nuclear positivity. A total of 200 hepatocytes and BEC were counted in adult normal liver (NL), HCV infection, massive hepatic necrosis, biliary obstruction, and PBC.
RESULTS

Transcription Factor Expression Profile during Human Fetal Liver Development and in Adult Liver
We compared expression of various transcription factors associated with hepatic development in rodents, between fetal and adult human liver. HNF1a was unique in its expression only in fetal hepatocytes (Figures 1a-d) . It was strongly expressed in hepatocytes till the second trimester (Figures 1a and b) however, sharply decreased in the third trimester ( Figure 1c ) and was completely lost in the adult hepatocytes (Figure 1d ). HNF1a staining was not noticed in bile ducts or ductal plate during the entire fetal growth or in bile ducts of the adult liver. HNF4a was exclusively expressed by the fetal and adult hepatocytes (Figures 1e-h) . No HNF4a expression is seen in the fetal ductal plate or in bile duct epithelium during development (Figures 1e-g ) or in the normal adult liver (Figure 1h ). HNF6 is also expressed by the fetal and adult hepatocytes however, it is expressed by fetal BEC as well till the second trimester (Figures 1i-l) . HNF6 was completely lost from the BEC with maturation of the biliary phenotype. In addition, conventional hepatocyte marker HepPar1 staining was performed. Weak HepPar1 staining was observed in hepatoblasts in the first trimester ( Figure  1m ), which increased from second trimester to a diffuse strong staining in the hepatocytes (Figure 1n ) till the third trimester ( Figure 1o ) and continued into the mature adult hepatocytes (Figure 1p ). No biliary cells expressed HepPar1 during development or in the adulthood.
Transcription factors expressed in the fetal and adult BEC, among others, are HNF1b, HNF3a, and HNF3b. HNF1b is an exclusive BEC transcription factor expressed only in BEC during fetal development and in adult liver (Figures 2a and  d) . Its expression delineated the ductal plates in the second and third trimester (Figures 2b and c) . In addition to the BEC, HNF3a (Figures 2e-g ) and HNF3b (Figures 2i-k) were also present in the hepatocytes till the second trimester; however, were lost from the adult hepatocytes (Figures 3h  and l) . Identification of BEC was also pursued by immunohistochemistry for the conventional BEC marker CK19. During development, CK19 stains the ductal plate and biliary ductules in all three trimesters (Figures 2m-o) . Hepatocytes stain positive in the first trimester, the CK19 expression disappearing by the third trimester. In the adult liver, only BECs stained positive for CK19 with no mature hepatocytes expressing this marker (Figure 2p) .
In summary, HNF3a, HNF3b, and HNF6 are expressed by both hepatocytes and BEC during fetal growth, whereas in the normal adult liver HNF4a is expressed solely by hepatocytes, and HNF1b, HNF3a, and HNF3b are expressed only by the BEC indicating that these transcription factors are important in lineage specification. The results also demonstrate the beginning of the ductal plate in the first trimester ( Figure 2i ) and its presence in the second and the third trimester (Figure 2) .
It should be noted that the above findings related to specific transcription factor expression relate to nuclear localization. Nucleus is the site in which transcription factors exert their effects on gene expression. Weak cytoplasmic staining is often seen without cell specificity (eg hepatocytes express weak cytoplasmic staining for HNF1b; Figures 2b-d) . The significance of this often-seen weak cytoplasmic staining in different cell types is not clear and it may reflect intermediary processing forms, potentially ending in degradation in the absence of nuclear localization. (Figure 3 ). The percent of hepatocyte nuclei expressing HNF3b was 73% in PBC and 99% in biliary obstruction. The atypical ductules appearing in the PBC and biliary obstruction also stained positively for CK19, as expected (Figures 3e and f) .
Expression of Hepatocyte-Associated Transcription Factors in Biliary Cells, in Liver Diseases Associated with Hepatocytic Injury
HNF4a expression was seen in nuclei of BEC in both massive hepatic necrosis (25.9%). and severe chronic HCV (12%). The results are shown in Figure 4 . In addition, the bile ducts in the massive hepatic necrosis and HCV also expressed HNF6. The percent of nuclei of BEC expressing HNF6 was 22.8% in PBC, 16 .50% in massive hepatic necrosis, and 25.5% in end-stage HCV infection. Expression of HNF6 in the hepatocytes (also seen minimally (1.5%) in the adult liver) was also elevated in PBC (13%), massive hepatic necrosis (12.75%), and end-stage HCV infection (6%). The expression of hepatocyte-associated transcription factors in BEC apparently also affected expression of specific gene patterns, as evidenced by the expression of the classic hepatocyte marker HepPar1 in many biliary cells arranged in sheets or ductules (Figures 4j and k) .
Proliferation Indices of Hepatocytes and Biliary Epithelial Cells in Different Disease States in Which Promiscuous Expression of Transcription Factors is Noted
Studies with rodents have indicated that promiscuous expression of transcription factors between hepatocytes and BEC occurs in situations in which either of the two cell types needs to regenerate more of its own but the regenerative capacity is blocked. We employed immunohistochemistry for the commonly used protein Ki67, which is expressed in nuclei engaged in DNA synthesis. The results are shown in Figure 5 . Hepatocytes had comparable low (o1.5% Ki67-positive nuclei) proliferation rate in normal liver as well as in PBC, biliary obstruction and end-stage cirrhosis from hepatitis C. There was no detectable proliferation of BEC in normal liver; there was a small increase in BEC proliferation in biliary obstruction (0.7%) and HCV cirrhosis (0.38%). 
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Extensive proliferation of both hepatocytes (17.2%) and BEC (5.3%) was noted in massive hepatic necrosis (five cases).
DISCUSSION
The results of our study document that similar transcription factors are expressed and probably govern rodent and human embryonic development, further strengthening the importance of studies of hepatic embryogenesis in rodent models as a means to understand hepatic embryogenesis in the human. The unique phenotype of hepatocytes or BEC arises in part from the expression of different transcription factors, combining in a cell-specific fashion. Such transcription factors include family members of HNF1, HNF3, HNF4, and HNF6. None of these transcription factors are limited to the liver, but their expression during development and adult liver has characteristic patterns within hepatocytes and BECs. In our study, immunohistochemical analyses of the liver sections indicate that hepatocytes and BEC during fetal growth express some common and some specific transcription factors and they maintain expression of distinct transcription factor patterns in the adult life. During fetal development, HNF3a, HNF3b, and HNF6 are expressed by both hepatocytes and BEC, whereas later in the adult life HNF1b, HNF3a, and HNF3b are exclusively expressed by BEC, and HNF4a and HNF6 are expressed only by hepatocytes. HNF1a was unique in its expression only in fetal hepatocytes. This has also been shown in murine studies where HNF1b is expressed early on during embryonic development, in the endoderm of the foregut, whereas HNF1a is activated later, upon condensation of the hepatic parenchyma, and its expression decreases in the adult liver. 2 Overall, variations seen between the results of this study and studies of transcription factor expression during rodent embryogenesis reflect only different time-dependent patterns of variations in expression, with the identity of transcription factors being essentially the same between human and rodent.
Our results also demonstrate that whereas in normal adult liver the expression of hepatocyte-or biliary-associated transcription factors follows standard patterns, the expression becomes promiscuous in disease states. Hepatocyteassociated transcription factors appear in BEC in diseases with acute massive or chronic hepatocyte damage, such as end-stage HCV and massive hepatic necrosis. The latter condition has been associated with the appearance of ductular hepatocytes, 28, 29, 33, 34 cells of intermediate phenotype between hepatocytes and BEC. The appearance of HNF4a in BEC in these situations mimics the reported increase in HNF4a and other hepatocyte-associated transcription factors in biliary cells (portal ductules and canals of Hering) in rodents, when hepatocytes are blocked from proliferation by AAF following partial hepatectomy. [11] [12] [13] In that situation, oval cells emerge from the biliary compartment and transdifferentiate into hepatocytes, rescuing the regeneration of the whole organ. The situation in massive hepatic necrosis however appears more complex, because there does not appear to be any inhibition of proliferation of either hepatocytes or biliary cells ( Figure 5 ). These findings are consistent with earlier studies in which we showed that hepatocytes have a high percent of their nuclei positive for PCNA in fulminant hepatic failure. 28 It is conceivable that though proliferation of hepatocytes occurs (Figure 5) , it is much less than what it should be, thus generating a 'gap' . This may trigger stimuli comparable to those operating in rodents in the AAF/hepatectomy model, which induce promiscuous expression of transcription factors and reprogramming of gene expression in BEC. As these considerations cannot be fully explored in the human, this interpretation unavoidably remains speculative. Similar considerations may also apply in end-stage HCV, in which expression of HNF4a is also seen in biliary cells. As pointed out in Figures 4g-i , the appearance of hepatocyte-associated transcription factors in BEC is also accompanied by the appearance of hepatocyte-associated genes, such as that of the protein HepPar1.
Similarly, expression of BEC-associated HNF3b in hepatocytes during chronic biliary disease (PBC and biliary obstruction) suggests that the opposite pathway (gene reprogramming of hepatocytes to BCE) is also operative in the human liver. Similar changes are seen in rodents, in situations in which BECs forced to proliferate (following bile duct ligation) are also simultaneously damaged by exposure to the biliary toxin DAPM. 18 In that situation, periportal hepatocytes undergo transdifferentiation to BECs and participate in the formation of biliary ductules derived from hepatocytes. 18 Similarly, the expression of biliary-associated transcription factors in periportal hepatocytes in chronic biliary disease suggests that these cells may have a role to play in repair of biliary epithelium in chronic biliary disease, when the capacity of BEC to proliferate may be impaired for a variety of reasons. The data in Figure 5 do not resolve the issue of the capacity of BEC to proliferate in PBC, as the proliferative index of BEC remains very low and comparable to that of normal liver. There is increased proliferation of BEC in the biliary obstruction, however, in which there is striking increase in expression of HNF3b in hepatocytes (Figure 3 ). It should be noted that, despite the treatment with DAPM, BEC cells in the rodent model also demonstrate extensive proliferation and hepatocytes are recruited to become BEC nonetheless. In the absence of clear cell-tracking methodology, it is tempting to speculate that such conversion of hepatocytes to BCE also occurs in humans, but proof cannot be derived only from histologic observations. As mentioned above, in addition to our observations on transcription factors in this study, previous studies have documented the appearance of single-gene markers associated with BEC in periportal hepatocytes during obstructive cholangiopathy and PBC. 3, [5] [6] [7] The expression of the transcription factors was evaluated only on the basis of immunohistochemistry. Though more sensitive methods (eg western blot) could be applied, they are not easily amenable to material from paraffin blocks. In addition, methods requiring homogenization of liver tissue would not yield information related to cellular localization. The main aim of this study was cellular localization of the different transcription factors. There is considerable variation in percent of different cell types in different disease states, especially in massive hepatic necrosis. Thus, techniques relying on tissue homogenates would be difficult to control in terms of variations in cell populations and heterogeneity of the degree of damage within the whole organ.
Overall, our studies suggest that, as in rodents, human hepatocytes and biliary cells can enter into extensive gene reprogramming. In rodents, such changes are associated with transformation of hepatocytes and BEC into transiently amplifying cell populations (oval cells, from BEC to hepatocytes), which can function as progenitor cells for each other and assist in organ repair in response to massive liver damage or chronic disease. The similar observed changes in humans regarding expression of transcription factors in a promiscuous manner between hepatocytes and BEC suggests that similar changes may also occur in the human liver in the context of chronic liver disease. The full capacity of human hepatocytes and BEC to function as facultative stem cells for each other, however, can only be determined by experimental conditions. ACKNOWLEDGEMENT This work was supported by Grants CA30241 and CA35373 (to GKM), the Rangos Fund for Enhancement of Pathology Research, and the KO8 5K08DK65880 (to ERO).
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